Modifications made to the Long Trace Profiler (LW II) system at the Advanced Photon Source at Argonne National Laboratory have significantly improved the accuracy and repeatability of the instrument. The use of a Dove prism in the reference beam path corrects for phasing problems between mechanical errors and thermally-induced system errors. A single reference correction now completely removes both error signals from the measured surface profile. The addition of a precision air conditioner keeps the temperature in the metrology enclosure constant to within over a 24 hour period and has significantly improved the stability and repeatability of the system. We illustrate the performance improvements with several sets of measurements. The improved environmental control has reduced thermal drift error to about 0.75 microradian RMS over a 7.5 hour time period. Measurements made in the forward scan direction and the reverse scan direction differ by only about 0.5 microradian RMS over a 500mm trace length. We are now able to put 1-sigma error bar of 0.3 microradian on an average of 10 slope profile measurements over a 500mm long trace length, and we are now able to put a 0.2 microradian error bar on an average of 10 measurements over a 200mm trace length. The corresponding 1-sigma height error bar for this measurement is 1.1 nm.
Introduction
The Long Trace Profiler (LTP), originally developed at Brookhaven National Laboratory (BNL), is a scanning pencil beam interferometer system that is optimized for measuring the figure and slope errors on cylindrical aspheres.14 Its primary use is to measure mirrors to be used in synchrotron radiation (SR) beam lines at the various synchrotron facilities around the world. It can also be used to measure x-ray telescope mirrors oriented in a vertical configuration, so as to minimize errors caused by self-weight deflections. 5 The current version of the LiP, the LiP II, was developed under the auspices of a Cooperative Research and Development Agreement (CRADA) between Continental Optical Corporation and BNL, and in collaboration with Lawrence Berkeley Laboratory.
The optical diagram in Fig. 1 shows the basic configuration of the LiP II optical system. A HeNe laser beam from a collimated fiber optic source is split into two beams by an arrangement of a cube beam splitter and two right angle prisms. The resultant parallel and cothnear beam pair is adjusted so that the separation distance between each beam is about 1 mm. The beam pair passes through another cube beam splitter and is divided into a test beam and a reference beam. The test beam propagates down to a test surface and is scanned across the surface as the optical head moves along an air bearing slide. The reflected beam returns back into the optical head and is focused onto a linear array detector. The two components of the test beam pair form an interference pattern on the detector, similar to Young's fringes within the Airy disk of the laser beam focal spot. The position of the minimum in the focal spot is directly related to the local slope of the surface under test. Likewise, the other beam pair is reflected from a reference mirror and forms another focal spot on the detector.6
The nominal position of the laser beams on the reference mirror does not change as the optical head is scanned. Any deviation from a fixed location on the detector is a measure of the tilt error in the mechanical system during the scanning motion. This error is also present in the SUT signal and can be removed simply by subtracting the reference signal from the test signal. The resultant corrected signal is an absolute measure of the slope profile of the surface. The height profile can be generated by simple integration of the slope profile.
The error correction algorithm works well when the LiP II is located in a stable thermal environment. For truly repeatable measurements, we estimate that the temperature must be maintained to better than C over several hours. In most installations, this kind of temperature control is not possible. This prompted us to examine the nature of the error sources and make a simple change to the optical system that has relaxed the thermal stability requirement and improved the system performance significantly.
Error sources
The major error source in any LiP measurement is produced by pitch errors of the optical head as it moves along the air bearing slide. Fig. 2 ifiustrates the origin of the mechanically-inducej error signal. The test mirror and reference mirror are stationary in the laboratory frame. The normal location of the images from both the test and reference arms is along the 0-axis in the unrotated optical head. When the optical head rotates by a small error angle, a, the two beams are deflected to opposite sides of the original optical axis, which is now also rotated by the angle a. The net result is that the reference beam error signal is "out-of-phase" with respect to the test signal. In order to correct for the error, the reference signal must be added to the test signal. The reason for this is seen by counting and comparing the number of reflections made by each beam after exiting the optical head (the region enclosed by the solid and doued lines). If the difference in the number of reflections between each ami is an odd number, then the correction is an addition; if the difference is an even number, the correction is a subtraction. In the case of mechanical pitch errors caused by the translation of the optical head along the air bearing, the difference is an odd number and the correction is an addition, as noted earlier.
Not all error sources produce out-of-phase error signals. If the pointing direction of the laser beam rotates by a small angle, tracing the beam path through the unrotated optical system indicates that beams in both arms rotate by the same angle in the direction. This "in-phase" error is opposite to the mechanically-induced "out-of-phase" error. There are a number ofpossible sources for the "in-phase" error, one of which is a change in the optical path between the two components of each probe beam pair. The source of this error is most likely a thermal drift between the two supports for the right angle prisms, which causes the optical path difference between them to change by several nanometers. The resultant shift in the fringe position for this error is on the order of several microradians, which is relatively large when one is trying to measure actual surface errors on the order of 1 microradian. The real problem with the present LTP optical system is that if we correct for one error source, we double the other error. We can eliminate the mechanical errors by adding the test and reference beam signal, but, by doing so, we double the thermal errors. In the past, we have performed the correction to eliminate the mechanicallyinduced errors, since they are typically much larger than the thermal errors. However, as the need for more accurate and repeatable measurements grows, we must deal with both error sources.
Error correction with Dove prism
Fortunately, there is a simple solution to the problem. By adding a Dove prism into the reference beam, attached to the optical head, we effectively increase the number ofreflections in the reference arm path by one for mechanical errors and by two for thermal errors. The net result is that BOTH error sources are now "in-phase", and both errors can be corrected by simply subtracting the reference beam from the test beam. Figure 3 illustrates the path of the beams through the Dove prism system for a mechanical rotation of the optical head. Both beams are deflected to the same side of the original beam position by the same angle. Analysis of each individual beam pair shows that the phase shift within each pair is also "in-phase" at the detector. So a simple algebraic subtraction removes both error sources.
Stability scan results
The success of the Dove prism error correction method is illustrated by a number of examples. The results of a "stability" scan over a 7.5 hour time period are shown in Fig. 4 . The carriage remains stationary during a stabifity scan, but the detector records data as ifit were a normal scan. In this case, a data point was recorded once every 30 seconds during an overnight measurement run. The uncorrected test and reference beams are displayed separately to show that the combined error sources produce a total change ofabout 30 microradians in each beam, but the difference between them is only 0.75 microradians RMS. The most striking feature of this data set is the 6.5 minute penodicity in each signal caused by the inherent limit cycle in the precision air conditioner. This temperature fluctuation produces a modulation with an amplitude of about 4 microradians in each signal. The correction process, however, completely removes both the long term drift and the short term fluctuations, and the resultant difference is absolutely flat with a very small residual RMS value.
Another example of the quality the error correction during a short stability scan is shown in Fig. 5 . Data points were taken at 1 second intervals to simulate a typical scan time on a 100mm long surface. During the scan, external force was applied to the air bearing carriage several times by hand to simulate the pitch errors introduced during the carriage motion. Again, the individual test and reference arm signals are shown, displaced from each other by 5 microradians for better visibility. One can see that they irack each other almost exactly. The difference between them is also shown, using the 5-times magnified scale on the right side. One can see that the correction for mechanically-induced errors is also nearly perfect. The glitches apparent in the last force application are probably caused by the suddenness ofthe large force applied and the sequential nature of the dual array detector readout The reference beam is centered on one row of the detector, while the test beam is positioned on the other row. Any difference in applied force between the readout times of the two rows will show up as a slight shift in one of the fringe patterns, and the correction will not be complete. The net result of the tests shown in Figures 4 and 5 indicate that both the thermal and mechanical eirors are completely corrected through the use of the Dove prism in the optical system.
Repeatability measurements
The improved thermal stability and error correction afforded by the Dove prism system has resulted in a significant improvement in measurement accuracy and repeatability. Repeatability is illustrated by a series of ten measurements made on a 500mm long nominally "flat" surface. The individual scans are shown superimposed in Fig. 6 . Each has had only the mean removed. From this set, we can generate the mean slope profile by simply averaging all 10 and then subtract the mean profile from each inthvidual to generate a set of residuals. The residuals are a measure of the system noise level. From the residuals, we can estimate the RMS error in each data point, in each profile, and in the mean profile. The result of this process for the estimate of the one-standard-deviation-in-the-mean error bar is 1 a = 0.29 prad. This error bar is shown on the deirend 1 slope profile in Fig. 7 , which is generated by subtracting a least-squares-fit 1st order polynomial from the mean slope profile. This curve with no error bars is plotted offset below it to show more clearly the significance of small features that are of the same magnitude as the error bar.
Another example of improved repeatability is illustrated in Fig. 8 . This plot compares the results of two separate scans made on the same surface, but in opposite directions. One scan was made scanning from left-to-right the other was made scanning right-to-left The forces transmitted to the carriage and into the optical head by the drive motor and the cable carrier attached to the back of the carriage are very different in the two drive directions. Prior to the use of the Dove prism, we have always noted significant differences in measured profiles cause by this systematic error source. Fig. 8 shows that this error source has effectively been eliminated with the Dove prism system. The difference between the forward and reverse scans is nearly the same as for a stability scan, which indicates that each scan is essentially identical. There is no difference between scans made in the forward direction and in the reverse direction.
A final example of the repeatability of the system is illustrated by a series ofmeasurements on an extreme long-radius spherical surface. A set of 10 scans was made along a diameter of a fused silica disk Each scan consisted of200 points at 1 mm intervals. The standard-deviation-in-the-mean for the average slope profile is 021 prad. Integration of the mean slope profile results in the height profile shown in Fig. 9 . The radius of curvature for this surface is 5.5 km. The 1-a error bar for this height profile, generated by looking at the statistics of each individual height profile, is 1.09 nm RMS. The size of this error bar is about the same as the thickness of the line in Fig. 9 , so we remove the overall curvature from the profile and show the detrend 2 height profile in Fig. 10 . Now one can see the significance of the surface features in light of the magnitude of the error bar. The detrend 2 profile exhibits a strong 4th order residual component. After removing this 4th order term, the detrend 4 residual profile has an RMS value of 1. 1 1 am, which is essentially at the level of the system noise for this measurement.
Summary
The addition of the Dove prism to the optical system of the LiP II and the use ofa precision air conditioner to maintain thermal stability over long time periods have significantly improved measurement reliabifity and repeatability. Both mechanical and thermal errors are completely corrected by simple algebraic subtraction of the test and reference signals. Removal of these major error sources will enable us to investigate less significant errors that have been masked by the two larger sources. Imperfections in system alignment and in the internal optical system parts can now be seen that produce recognizable effects at the microradian and sub-microradian levels. These effects are now easily accessible to measurement.
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